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h i g h l i g h t s
• A camera equipped with micro-polarizer array is used in a polarization interferometer.
• Phase values of interference fringes can be obtained from a single image.
• This method can be applied to the measurement of time-varying phenomena.
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a b s t r a c t
In this paper, we propose an instantaneous phase-stepping method for determining phase distribution
of interference fringes utilizing a camera that is equipped with a micro-polarizer array on the sensor
plane. An optical setup of polarization interferometry using a Mach–Zehnder interferometer with two
polarizers is constructed. Light emerging from the interferometer is recorded using a camera that has a
micro-polarizer array. Thismicro-polarizer array has four different optical axes. That is, an image obtained
by the camera contains four types of information corresponding to four different optical axes of the
polarizer. The four images separated from the image recorded by the camera are reconstructed using
gray level interpolation. Subsequently, the distributions of the Stokes parameters that represent the state
of polarization are calculated from the four images. The phase distribution of the interference fringe
pattern produced by the Mach–Zehnder interferometer is then obtained from these Stokes parameters.
The effectiveness of the proposed method is demonstrated by measuring a static carrier pattern and
time-variant fringe patterns. It is emphasized that this method is applicable to time-variant phenomena
becausemultiple exposures are unnecessary for sufficient data acquisition in the completion of the phase
analysis.
© 2016 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).SSeveral interferometric techniques, such as moiré, Twyman–
Green, Mach–Zehnder, holographic and speckle pattern inter-
ferometries, have long been used for studying mechanical
deformation of solids and the mechanics of fracture [1–4]. Sev-
eral techniques exist for the analysis of fringe patterns obtained by
these methods. Among them, phase-stepping (or phase-shifting)
method is themost important and widely accepted techniques [5].
Phase-stepping interferometry is a simple and precise method for
converting interferograms into phase maps. However, it is known
that a temporal phase-stepping method has the disadvantage of
a time lag during phase stepping and acquisition between phase
steps.
Morimoto and co-workers [6–8] developed a high-speed
temporal phase-shifting method for real-time measurement and
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and photoelastic fringes. Their method is applicable to slowly
varying problems, but it is fundamentally difficult to analyze time-
variant problems by their method because the multiple phase-
stepped images cannot be obtained simultaneously. Another
approach to real-time measurement or instantaneous recording
of phase-stepped images is a spatial phase-stepping method. The
spatial phase-stepping method generates simultaneous phase-
stepped interferograms using polarization optics or diffraction
grating [5]. Several researchers have developed an instantaneous
spatial phase-stepping method that uses multiple cameras for the
acquisition of phase-stepped interferograms [9–13]. Others have
applied it tomeasurements of crystal growth [14] and supercritical
flow [15]. The major drawback of this technique is the high
complexity of the experimental setup, which requires perfect
alignment and calibration of the pixels of multiple cameras. On
the other hand, Novak et al. [16] proposed a method for recording
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polarizers. Similarly, one author [17,18] proposed instantaneous
phase-stepping interferometry and photoelasticity using a camera
equippedwith amicro-retarder array. Furthermore, this technique
has been used for evaluating the stress fields around a propagating
crack tip in a glass plate under thermal load [19]. Recently, on
the other hand, a high-speed camera that is equipped with a
micro-polarizer array on the sensor plane is available [20–22].
Whereas this camera has been developed for the measurement of
birefringence, it is considered that the instantaneous recording of
phase-stepped interference fringes is possible using this camera,
similar to the Novak’s method [16].
In this paper we propose an instantaneous phase-stepping
method for determining phase distribution of interference fringes
utilizing a camera equipped with a micro-polarizer array on
the sensor plane. An optical setup of polarization interferometry
using a Mach–Zehnder interferometer with two polarizers is
constructed to analyze the distribution of the thickness change of
the transparent sample, i.e., the sumof principal stresses in the case
of the plane stress state. Light emerging from the interferometer
is recorded using a camera that has a micro-polarizer array on a
sensor plane. This micro-polarizer array has four different optical
axes. That is, an image obtained by the camera contains four types
of information corresponding to four different optical axes of the
polarizer. The four images separated from the image recorded
by the camera are reconstructed using gray level interpolation.
Subsequently, the distributions of the Stokes parameters that
represent the state of polarization are obtained from the four
images. The phase distribution of the interference fringe pattern
produced by the Mach–Zehnder interferometer is then obtained
from these Stokes parameters.
Figure 1 portrays the outline of the camera equipped with
the micro-polarizer array on the sensor plane. As shown in
this figure, many sets of four (2 × 2) micro-polarizers whose
optical axes subtend four different angles, 0, π/4 rad, π/2 rad,
3π/4 rad, form the large array the sensor. The size of a single
micro-polarizer is equivalent to a single pixel of the sensor.
The micro-polarizer position is aligned with the sensor. A single
sensor detects the intensity of a light that passes through a
single polarizer with a specific angle of the optical axis. Then,
the four light intensity distributions corresponding to the four
optical axes are obtained as a single image. Spatial resolution of
each light intensity distribution is reduced to one-fourth of the
CCD’s resolution. In addition, the spatial positions of the four light
intensity distributions donotmutually correspond. Therefore, light
intensities other than the angle of the polarizer at the point are
determined from light intensities at the neighboring points using
interpolation such as bilinear or bicubic interpolation methods.
Then, the four light intensity distributions whose respective sizes
are equivalent to the original image are obtained by a single
exposure. The four light intensity distributions are therefore
phase-stepped images, similar to those obtained in other phase-
stepping methods.
The interferometer used in this study is shown in Fig. 2. This in-
terferometer consists of a Mach–Zehnder interferometer, two po-
larizers, and a quarter-wave plate. Light emitted from a point light
source is collimated using a collimator lens. Then, a beam split-
ter divides the light. The light beam reflected by the beam split-
ter passes through a polarizer whose optical axis is vertical and
a transparent specimen. Meanwhile, the light that passes through
the beam splitter passes a polarizer whose optical axis is horizon-
tal. In the case of an ordinary Mach–Zehnder interferometer, the
two light beams interfere at the beam splitter. Then, the interfer-
ence fringe pattern is observed. On the other hand, no interference
fringe pattern is observed for the interferometer shown in Fig. 2
because polarization directions of the two light beams cross at the
right angles. The Stokes vector of the light emerging from the beamFig. 1. Configuration of the micro-polarizer array on the sensor plane.
splitter is expressed as follows
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Therein, s0, s1, s2, and s3 are the Stokes parameters, Ax and Ay are
the amplitude components, δ represents the phase difference. The
light beam passes through a quarter-wave plate and the polarizer
attached on the sensor plane whose optical axis is θ . The Stokes
vector of the light beam at the sensor plane is expressed as
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Therefore, the four light intensities, I0, I1, I2, and I3, correspond-
ing to the four different angles of the polarizers, θ = 0, π/4 rad,
π/2 rad, 3π/4 rad are obtained as
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Then, the Stokes parameters s2 and s3 of the light emerging from
the interferometer are obtainable as
s2 = I1 − I3,
s3 = I2 − I0. (4)
Therefore, the phase value of the interference fringe is obtained as
follows
tan δ = s3
s2
. (5)
Using the above interferometer and the camera, the wrapped
phase map is obtainable from an image obtained by a single expo-
sure. A phase unwrapping procedure can be introduced to obtain
the unwrapped phase map. Then, the sum of principal stresses is
obtained for plane stress specimen as [23]
σ1 + σ2 = δfs2πd , (6)
where σ1 and σ2 are the principal stresses, fs is the material con-
stant, and d expresses the thickness of the specimens. It is noted
164 S. Yoneyama, S. Arikawa / Theoretical & Applied Mechanics Letters 6 (2016) 162–166Fig. 2. Optical setup of Mach–Zehnder interferometry with polarizers and quarter-wave plate.Fig. 3. (a) Light intensity distribution obtained using the camera with the micro-polarizer array; (b) magnified image of 20× 20 pixels region.Fig. 4. Separated images corresponding to optical axis of the polarizer: (a) θ = 0; (b) θ = π/4; (c) θ = π/2; (d) θ = 3π/4.
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Mach–Zehnder interferometer with the similar principle.
A carrier pattern analysis without a transparent specimen is
performed to validate the proposed method. The optical system
in Fig. 2 without the specimen is adjusted to appear the carrier
pattern. Then, the light emerging from the interferometer and then
the quarter-wave plate is acquired using a camera with the micro-
polarizer array (Photron FASTCAM SA5P) with the resolution of
1024×1024 pixels and the gray levels of 8 bits. The light source is a
YAG laserwith thewavelength of 532 nm. A quarter-wave plate for
the wavelength of 514.5 nm is used for the interferometer because
a quarter-wave plate for 532 nm is not available in the present
stage.
Figure 3(a) shows the image obtained by the camera with the
micro-polarizer array; Fig. 3(b) shows a magnified image of the
20×20 pixels region of the image in Fig. 3(a). As shown in Fig. 3(b),
the gray level shows an unnatural and grating-like distribution
caused by themicro-polarizer array on the sensor plane. The image
in Fig. 3(a) is separable into four images corresponding to the four
micro-polarizers, as shown in Fig. 4. An interference fringe pattern
cannot be observed in the case of the interferometer shown in
Fig. 2. In Fig. 4, however, the phase-stepped interference fringes
are observed because of the presence of the polarizer on the sensor
plane. These separated images can be considered as phase-stepped
images. The phase map of the carrier pattern obtained by the
proposed method is shown in Fig. 5. It is noted that no smoothing
process is introduced to the image in this figure. As shown in
this figure, the phase map of the equally spaced carrier pattern
is obtained by the proposed procedure. Figure 6 shows the phase
distribution along a line around the center of the phase map in
Fig. 5. In this figure, the straight line expresses the approximation
obtained using the least-squares. Because the values in Fig. 6
represent the phase of the carrier pattern, the distribution can be
approximated by a straight line. However, the curved distribution
is observed in the phase in Fig. 6. Themaximumdifference between
the phase value and the approximated straight line is estimated
as 0.75 rad, the average is 0.23 rad, and the standard deviation
is 0.17 rad. There are some error sources such as the unmatched
wavelength of the quarter-wave plate. On the other hand, the
effectiveness of the proposed method is verified. That is, the phase
analysis is possible from an image obtained using the camera with
the micro-polarizer array.
Next, the phase analyses of the time-variant interference
fringes are performed. The outline of the specimen and the load-
ing device is schematically shown in Fig. 7. A transparent specimen
made of polymethylmethactylate (PMMA) is used. The modulus of
elasticity E and the Poisson’s ratio ν of the material are measured
as E = 3.0 GPa and ν = 0.3, respectively. The adopted specimen
is a strip plate with 80 mm in width, 20 mm in height, and 3 mm
in thickness, having a notch of the 2 mm in length. The notch is
introduced by a razor. The specimen is placed on a four-point bend-
ing device. Then, a weight is dropped onto the upper loading de-
vice. The specimen is subjected to the impact load by the dropped
weight. The time-variant interference fringes around the notch are
then recorded by the camera with the micro-polarizer array at the
frame rate of 150,000 fps. The image size is set to 128×240 pixels.
Figure 8 shows the consecutive phase maps of the
Mach–Zehnder fringes obtained by the proposed method. These
phasemaps are obtained by subtracting the phase at the static state
before the load from the phase after the load. That is, the phase
maps in Fig. 8 represent the phase difference between the images
before and after the load. It is observed that the number of the in-
terference fringes increase with time and the fringes concentrate
at the notch tip. It is noteworthy that, as shown in this figure, the
phase values of the time-variant interference fringes are obtain-
able using the instantaneous phase-stepping method based on the
micro-polarizer array.Fig. 5. Phase map of the carrier pattern obtained by the proposed phase-stepping
method.
Fig. 6. Phase distribution of the carrier pattern along a line.
Fig. 7. Specimen and loading configuration for dynamic test.
It is observed that the crack starts to propagate after increasing
the phase values, that is, the sum of the principal stresses near
the notch tip. Figure 9 shows an example of the phase distribution
during the crack propagation. At the instant of crack propagation
in Fig. 9, the crack propagates at the speed of about 579 m·s−1.
As shown in this figure, a reasonable phase distribution cannot
be obtained for the propagating crack because the speed of the
change of the phase distributions is too fast to record the camera
employed in this experiment. As shown in Fig. 8, however, the
time variation of the interference fringes for the phenomenawhose
166 S. Yoneyama, S. Arikawa / Theoretical & Applied Mechanics Letters 6 (2016) 162–166Fig. 8. Series of 6 consecutive phase maps of Mach–Zehnder fringes around a notch: camera speed 150,000 frames per sec.Fig. 9. Phase map obtained during crack propagation.
speed of change is suited for the camera speed can be analyzed by
the proposed instantaneous phase-stepping interferometry.
In this paper we propose an instantaneous phase-stepping
method for determining phase distribution of interference fringes
utilizing a camera equipped with a micro-polarizer array on the
sensor plane. Light emerging from the interferometer is recorded
using a camera that has a micro-polarizer array on a sensor
plane. An image obtained by the camera contains four types
of information corresponding to four different optical axes of
the micro-polarizer. Subsequently, the distributions of the Stokes
parameters that represent the state of polarization are evaluated
from the four images. The phase distribution of the interference
fringe pattern produced by the Mach–Zehnder interferometer is
then obtained from these Stokes parameters. It is emphasized
that this method is applicable to time-variant phenomena because
multiple exposures are unnecessary for sufficient data acquisition
in the completion of the phase analysis.
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